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Micro-Hydraulics  Employing  Non- Wetting  Fluids 

Hydraulic  actuation  is  a  mature  technology  that  is  widely  used  in  a  variety  of  applications 
in  the  macroscopic  world.  Its  use  in  miniaturized  devices,  such  as 
microelectromechanical  systems  (MEMS),  however,  is  just  beginning  to  be  exploited. 
This  lag  in  development  of  micro-hydraulics  results  from  the  fact  that  it  is  not  easy  to 
construct  miniaturized  analogs  ofjjhacroscopic  hydraulic  system  using  traditional  MEMS 
fabrication  techniques,  such  as  photolithography.  Tight-clearance  pistons  that  do  not 
allow  bypass  flow  are  difficult  to  fabricate  in  micro-devices.  Fortunately,  the  very  fact 
that  MEMS  devices  are  so  tiny  enables  a  very  different  kind  of  hydraulic  technology  to 
be  utilized.  It  is  based  on  surface-related  phenomena  associated  with  flows  of  non¬ 
wetting  fluids  in  micro-channels. 

The  utilization  of  pressurized  incompressible  fluids  to  achieve  positive  displacements  of 
mechanical  devices  is  a  straightforward  concept.  Piston  motion  within  a  hydraulic 
system  will  take  place  providing  force  applied  to  the  piston  by  an  incompressible  fluid  is 
greater  than  forces  opposing  piston  displacement,  and  no  leaking  or  fluid  bypass  occurs. 
Also,  no  significant  voids  can  exist  within  the  system.  Clearly,  the  first  condition  must 
be  satisfied  or  motion  can’t  take  place.  The  second  condition  insures  reproducible 
pressurization  and  fluid  retention,  while  the  third  condition  guarantees  immediate 
transmittal  of  pressure  in  the  incompressible  fluid  to  the  piston  as  well  as  other  system 
surfaces.  In  macroscopic  hydraulic  systems,  the  use  of  good  system  design  insures  that 
the  first  and  second  conditions  are  fulfilled.  The  third  condition  is  addressed  in  two 
ways.  First  of  all,  air  bubbles  are  excluded  from  the  system  by  precise  filling  techniques. 
Second,  a  hydraulic  fluid  is  selected  which  wets  system  surfaces.  This  is  done  for  a 
number  of  reasons.  The  primary  reason  being  that  if  the  hydraulic  fluid  does  not  wet 
system  surfaces,  tiny  gaps  and  crevices  will  remain  empty  until  sufficient  pressure  is 
created  within  the  hydraulic  fluid  to  generate  the  small-radius  convex  surfaces  needed  to 
fill  them.  These  gaps  and  crevices  would  therefore  behave  like  air  bubbles  resulting  in 
reduced  system  performance.  They  would  also  greatly  lessen  the  ability  of  hydraulic 
fluids  to  lubricate  moving  parts  and  prevent  corrosion  of  the  system.  Non-wetting  fluids 
are  therefore  not  welFsuited  for  use  in  macroscopic  hydraulic  systems. 

In  microscopic  hydraulic  systems,  the  reasons  for  choosing  a  wetting  versus  a  non¬ 
wetting  hydraulic  fluid  are  not  as  straightforward.  That  is  because  as  the  dimensions  of  a 
hydraulic  system  decrease  to  the  capillary  sizes  associated  with  MEMS  devices,  pressure 
within  a  non-wetting  fluid  gradually  becomes  elevated  and  can  even  surpass  any 
externally  applied  pressure,  such  as  that  generated  by  a  pump.  Non-wetting  fluids,  by 
definition,  do  not  enter  into  capillaries  without  pressure  being  applied.  Once  a  column  of 
such  fluid  has  been  forced  into  a  capillary,  however,  this  insertion  pressure  becomes  an 
integral  component  of  the  parameters  defining  the  nature  or  state  of  the  non-wetting  fluid 
while  it  is  contained  within  the  capillary.  The  total  pressure,  Pt,  existing  within  the 
column  then  becomes  the  sum  of  the  insertion  pressure,  Pj,  and  any  externally  applied 


pressure,  Pex.  Therefore,  in  micro-hydraulic  systems  operating  with  non-wetting  fluids, 
three  different  pressures  must  be  taken  into  account.  No  corresponding  situation  exists  in 
macroscopic  hydraulic  systems  using  either  wetting  or  non-wetting  fluids,  or  in  micro- 
hydraulic  systems  employing  wetting  fluids. 


When  the  radius  of  a  hydraulic  cylinder  is  made  smaller  than  1 00  microns,  the  insertion 
pressure  needed  to  force  a  non-wetting  fluid  such  as  mercury  into  such  a  cylinder 
becomes  greater  than  1  psi.  Thus,  at  these  dimensions,  the  pressure  needed  to  create  a 
non-wetting  column  of  fluid  is  roughly  the  same  order-of-magnitude  as  fluid  pressures 
actually  generated  within  such  MEMS  systems.  KTH  Instrumentation  Laboratories  in 
Sweden,  for  example,  has  constructed  a  valve-less  diffuser  micropump  capable  of  a 
maximum  pressure  of  74  kPa  (10.7  psi).  If  the  radius  becomes  even  smaller,  the  pressure 
needed  to  fill  the  system  can  become  much  larger  than  the  externally  applied  pressure. 
This  does  not  mean  that  the  micro-hydraulic  system  cannot  be  fabricated.  It  simply 
means  that  some  initial  insertion  pressure  has  to  be  employed  to  form  the  column  of  non¬ 
wetting  fluid.  Any  external  pressure  applied  after  that  point  is  added  to  the  insertion 
pressure  resulting  in  the  total  pressure  for  the  system.  Only  the  pressure  applied 
externally,  however,  will  be  able  to  perform  any  external  work  as  long  as  capillary 
dimensions  in  the  micro-hydraulic  system  remain  constant.  If  capillary  dimensions  vary, 
the  potential  energy  contained  within  the  non-wetting  column  of  fluid  will  also  vary, 
depending  on  actual  geometry  employed.  This  creates  the  possibility  of  performing  more 
external  work  than  is  provided  by  any  pressure  applied  externally  to  the  non-wetting 
hydraulic  fluid.  Off course,  the  amount  of  external  work  that  could  be  performed  must  be 
equal  to  or  less  thanfhe  potential  energy  created  during  insertion  of  the  non-wetting 
column  of  fluid  into  the  smaller  capillary. 
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